We have investigated the adrenergic control of mitogen-activated protein kinase (MAPK) activity in brown adipocytes. Cold exposure in rats led to an activation of MAPK in brown adipose tissue, as determined by the gel mobility shift assay and in-gel kinase assay. In contrast, no activation was seen after surgical sympathetic denervation of the tissue. The neurotransmitter, norepinephrine (NE), directly activated MAPK of brown adipocytes in primary cultures in the absence of insulin and serum. NE-induced activation of MAPK was mimicked by ␤-adrenergic agonists, including a ␤ 3 -agonist, BRL37344. Activation of MAPK also was observed by an ␣-agonist, phenylephrine, the extent of which being much lower than that by ␤-agonists. The effect of NE was attenuated by the ␤-adrenergic antagonist, propranolol. Dibutyryl cAMP also mimicked the effect of NE. The phorbol ester, phorbol-12-myristate, 13-acetate (PMA), could induce activation of MAPK, but pretreatment of the cultured cells with PMA to down-regulate protein kinase C did not abolish the ability of NE in activating MAPK. Furthermore, a selective inhibitor of phosphatidylinositol-3 kinase, wortmannin, did not inhibit the effect of NE, whereas insulin-induced activation of MAPK was totally suppressed. These results demonstrate that NE activates MAPK directly in brown adipocytes and that the effect of NE is not mediated by PMA-sensitive protein kinase C or wortmannin-sensitive phosphatidylinositol-3 kinase but rather is likely to be dependent on ␤-receptor-mediated increase in cAMP with a minor contribution of ␣-receptor-mediated signals. (Endocrinology 138: 248 -253, 1997) 
B ROWN ADIPOSE tissue (BAT) is a major site for nonshiv-
ering thermogenesis in small animals, and its function is regulated by the sympathetic nerves (1) (2) (3) . It is evident that norepinephrine (NE) released from the sympathetic nerves is an acute inducer of the thermogenic function of BAT. However, this neurotransmitter also seems to act as the promoter of tissue hyperplasia, leading to an enhancement of total capacity for thermogenesis. For instance, chronic infusion of NE in rats increases DNA contents of BAT, which reflects an increase in cell proliferation, and increases total contents of the tissuespecific uncoupling protein (UCP), which implies facilitation of differentiation process (4) . Thus, NE is able to promote proliferation, as well as differentiation, of brown adipocytes.
In accordance with the predominant effects of NE on the stimulation of proliferation and differentiation of brown adipocytes, NE also affects the expression of transcription factors. Recent studies demonstrated that gene expression of CCAAT-enhancer-binding protein (C/EBP), which may associate with adipocyte differentiation (5, 6) , is under the adrenergic control (7) . Furthermore, a protooncogene, c-fos, has been shown to be induced by NE in primary cultures of brown adipocytes (8) . However, the signal transduction pathways involved in the adrenergic control of the expression and/or the activation of transcription factors have not, so far, been elucidated.
One of the pivotal molecules participating in the signal transduction of growth factors in a variety of cell types is mitogen-activated protein kinase (MAPK), also known as extracellular signal-regulated kinase (9 -13) . MAPK is activated during proliferation and differentiation triggered by growth factors, such as those acting on receptor-tyrosine kinases or on receptors coupled to heterotrimeric guanine nucleotide-binding protein (14) . The activated MAPK transmits signals from cell surface receptors to the nucleus by phosphorylating transcription factors.
In view of these facts concerning the predominant roles of MAPK in regulation of proliferation and differentiation, we consider it of interest to examine the adrenergic control of MAPK activity in brown adipocytes. Here we show that cold exposure to rats, a most potent stimulus for BAT hyperplasia in vivo, activates MAPK through intermediation of the sympathetic nerves. In addition, analysis with primary cultures of brown adipocytes demonstrated that NE directly activates MAPK in the absence of insulin and serum. Further analysis also revealed that the activation of MAPK by NE is not mediated by phorbol ester-sensitive protein kinase C or wortmannin-sensitive phosphatidylinositol-3 (PI-3) kinase but rather seems to depend mainly on ␤-receptor-mediated increase in cAMP with a minor contribution of ␣-receptor-mediated signals.
Materials and Methods

Animal experiments
Female Sprague-Dawley rats weighing 160 -220 g were housed in plastic cages at 24 Ϯ 1 C. Two days before use, sympathetic nerves entering the right pad of the interscapular BAT were surgically sectioned as described previously (15) . Some rats were transferred to 4 C for 12 h. Animals were killed with cardiac injection of pentobarbital, and then tissue samples were obtained from the intact and denervated pads of BAT separately. The tissues, which were frozen with liquid nitrogen immediately after sampling and stored at Ϫ80 C, were homogenized in 20 mm Tris-HCl buffer (pH 7.5) containing 10 mm EDTA, 60 mm ␤-glycerophosphate, 10 mm MgCl 2 , 1% Triton X-100, 2 mm dithiothreitol, 1 mm vanadate, 1 mm phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 g/ml aprotinin and centrifuged at 10,000 ϫ g for 5 min at 4 C. The fat cakes were discarded, and the infranatants were used for the mobility shift assay and the in-gel kinase assay.
Cell isolation and culture
Brown fat precursor cells were isolated as the stromal-vascular fraction from the interscapular BAT of newborn rats according to the procedure described previously (16) . Cells isolated by collagenase digestion were suspended in DMEM supplemented with 10% FCS, 17 m dpantothenic acid, 33 m d-biotin, 100 m ascorbic acid, 1 m octanoic acid, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 50 nm insulin, and 50 nm T 3 and were seeded on collagen-coated dishes. The cells were incubated at 37 C under an atmosphere of 5% CO 2 in air. When the cultured cells reached confluence, they were treated with 1 m dexamethasone for 48 h to facilitate differentiation into adipocytes. The cells were used 3-4 days after reaching confluence. Cells were preincubated with serum-and supplements-free DMEM for 16 h before use. After incubation for the indicated times with insulin or NE, cells were taken up in SDS-sample buffer (2% SDS, 10% glycerol, 62.5 mm Tris, pH 6.8, 5% 2-mercaptoethanol) containing 100 m sodium orthovanadate and 1 mm phenylmethylsulfonyl fluoride.
Mobility shift assay for MAPK activation
Activation of two isoforms of MAPK, p42-MAPK and p44-MAPK, was determined by the appearance of slower migrating forms in gel electrophoresis caused by phosphorylation of threonine and tyrosine residues (17) . Samples from the tissues or cultured cells were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked with 1% gelatin in PBS and then incubated with anti-MAPK antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). To visualize immunoreactive bands, alkaline phosphatase-labeled antirabbit IgG was used as a second antibody with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium as substrates. The resultant membranes were scanned and analyzed with a densitometer. The results were expressed as mean Ϯ sem %, regarding the mean value of control cells as 100%.
In-gel kinase assay
MAPK activity also was measured in SDS-PAGE using the method described previously (18, 19) . Briefly, samples were subjected to SDS-PAGE in 11% polyacrylamide gel containing 0.5 mg/ml myelin basic protein (MBP, Sigma, St. Louis, MO). After electrophoresis, SDS was removed from the gels by washing with 20% 2-propanol in 50 mm Tris-HCl (pH 8.0) followed by washing with 5 mm ␤-mercaptoethanol in 50 mm Tris-HCl (pH 8.0). Proteins were denatured with 6 m guanidine hydrochloride and then renatured by incubation at 4 C with 0.04% Tween 40-containing buffer for 12-18 h. After preincubation of the gels with a buffer containing 40 mm HEPES (pH 8.0), 2 mm dithiothreitol, 10 mm MgCl 2 , and 0.1 mm EGTA, in-gel phosphorylation of MBP was performed in the same solution containing 25 m [␥-
32 P] ATP (25 Ci) for 1 h at room temperature. After extensive washing with 5% (wt/vol) trichloroacetic acid containing 1% (wt/vol) sodium pyrophosphate, the gels were dried and analyzed with BAS-1000 image analyzer (Fuji Film, Tokyo, Japan).
In preliminary experiments with insulin-stimulated cell samples, incorporation of radioactive phosphate into MBP increased linearly with increasing amounts of the sample applied onto the gel. The linearity was obtained up to at least triple amounts of the sample used in the present study. The results were expressed as mean Ϯ sem %, regarding the mean value of control cells as 100%.
Results
Effects of cold exposure on MAPK activity in BAT in vivo
We first examined effects of cold exposure in rats to see if MAPK is activated during the recruitment process in BAT. Activation of MAPK was determined by the appearance of slower migrating forms that result from the phosphorylation of specific threonine and tyrosine residues in the kinase (17) . In control rats maintained at 24 C, two bands of 42 and 44 kDa corresponding to p42-MAPK and p44-MAPK, respectively, were detected in Western blotting with anti-MAPK antibody (Fig. 1A) . However, no slower migrating form of MAPK was seen in this condition. In contrast, cold exposure to rats stimulated phosphorylation of both the p42-MAPK and p44-MAPK in BAT as judged by the mobility shift (Fig. 1A) . Strikingly, no mobility shift of MAPK was observed in sympathetically denervated BAT despite the cold exposure.
The activation of MAPK in BAT after cold exposure was further examined using in situ phosphorylation of MBP by renaturable kinases after SDS-PAGE. In good agreement with the results obtained by mobility shift assay, MBP kinase activities of the p42-MAPK and p44-MAPK were stimulated after cold exposure (Fig. 1B) . Again, the activation was not observed in denervated BAT (Fig. 1B) .
Effects of insulin and NE on MAPK activity in primary cultures of brown adipocytes
Results shown in Fig. 1 indicate that the sympathetic innervation is essential for the activation of MAPK in BAT after cold exposure. However, it is not certain whether the activation is caused by a direct effect of adrenergic stimulation or by a secondary effect of sympathetic stimulation. Accordingly, we used primary cultures of brown adipocytes to ascertain that the MAPK activation is directly affected by the sympathetic neurotransmitter, NE, together with the effects of insulin on the enzyme activation.
The appearance of slower migrating forms of MAPK after treatment of the cultured brown adipocytes with insulin was apparent at concentrations as low as 10 Ϫ9 m (data not shown). Densitometric analysis of the results from four independent experiments showed that mobility shifts were maximally stimulated with insulin above 10 Ϫ8 m (247 Ϯ 12 and 319 Ϯ 16% for p42-MAPK and p44-MAPK, respectively). Then, we examined the time-course of insulin action on MAPK activation at 10 Ϫ7 m concentration. The mobility shifts reached the maximal levels of 275 Ϯ 15% for p42-MAPK and 323 Ϯ 17% for p44-MAPK, 2 min after addition of insulin (Fig. 2) . The maximal levels were sustained for 15 min, and the responses were recovered almost to the basal levels by 60 min (114 Ϯ 9 and 118 Ϯ 12% for p42-MAPK and p44-MAPK, respectively). NE above concentrations of 10 Ϫ8 m also induced mobility shifts of p42-MAPK and p44-MAPK in the absence of insulin and serum factors (data not shown). The maximal levels of the shifts at 10 Ϫ7 m of NE were 262 Ϯ 24 and 295 Ϯ 23% for p42-MAPK and p44-MAPK, respectively, which were comparable with those obtained with insulin. The appearance of slower migrating forms in response to 10 Ϫ6 m of NE was seen within 2 min and remained essentially unchanged at least for 60 min (Fig. 3) . Activation of MAPK by NE was confirmed further by in-gel kinase assay. In parallel with the time-course obtained with mobility shift assay, MBP was phosphorylated at the position corresponding to p42-MAPK and p44-MAPK (Fig. 4) . These results suggest that NE can stimulate MAPK directly in brown adipocytes.
Effects of adrenergic agonists and antagonists on MAPK activity in primary cultures of brown adipocytes
As shown in Fig. 5A , a ␤-adrenergic agonist isoproterenol mimicked the effects of NE, whereas an ␣-agonist phenylephrine caused only modest effects. A ␤ 3 -adrenoceptor-specific stimulant, BRL37344, apparently was as effective as NE in stimulating phosphorylation of MAPK (Fig. 5A) . Similarly, MBP kinase activities in response to isoproterenol and BRL37344 were 223 Ϯ 49 and 207 Ϯ 30% of controls, respectively, which were comparable with the effect with NE (227 Ϯ 45%). These results indicate that major adrenoceptors responsible for the NE-induced activation of MAPK are of ␤-subclass, especially ␤ 3 -receptors, which are expressed abundantly in these cultured cells (20) . In accordance with these results, the ␤-antagonist, propranolol, reduced mobility shifts caused by NE (Fig. 5B) . Inhibition of the effect of NE by propranolol was 67 Ϯ 17% (n ϭ 4) as assessed by in-gel kinase assay. On the other hand, an ␣-agonist, phenylephrine, caused mobility shifts of MAPK, but the extent was much lower than with ␤-agonists (Fig. 5A ). Quantitative analysis with in-gel kinase assay showed that the kinase activity after treatment with phenylephrine was 134 Ϯ 19% of controls (n ϭ 5). In the antagonistic experiments, an ␣-antagonist phenoxybenzamine, up to 50 m, produced little inhibitory effects, both by mobility shift assay (Fig. 5B ) and in-gel kinase assay.
To investigate the intracellular mediation of the ␤-adrenergic pathway, the effects of dibutyryl-cAMP on MAPK phosphorylation also were examined. Dibutyryl-cAMP stimulated mobility shifts of MAPK, with levels similar to those induced by NE (Fig. 5A) . In-gel kinase assay gave MBP kinase activity of the MAPK 206 Ϯ 27% of controls (n ϭ 5) after treatment with the cAMP analogue, which was equivalent to the activity after NE treatment.
Interaction of the effects of NE and insulin on MAPK activation
To see a possible interaction between the effects of NE and insulin, these two agents were tested simultaneously to de- termine their ability to activate MAPK. As shown in Fig. 6 , mobility shifts induced by NE plus insulin were greater than those by each agent alone. Quantitative measurements of MAPK activity by in-gel kinase assay revealed that the effects of NE and insulin were additive (Fig. 6) , suggesting that these two agents could stimulate MAPK by different intracellular mechanisms.
Effects of PMA and wortmannin on NE-and insulininduced MAPK activation
To explore a possible contribution of protein kinase C to NE-induced MAPK activation, phorbol-12-myristate, 13-acetate (PMA) was used for direct activation of protein kinase C. PMA was found to stimulate MAPK, as did NE (Fig. 7A) . However, the ability of PMA to induce the activation of MAPK does not necessarily mean that the protein kinase C pathway is involved in the signaling pathway leading to activation of MAPK in response to NE. To test this, the culture cells were pretreated with PMA for 16 h before NE treatment. The effectiveness of the pretreatment for the down-regulation of protein kinase C can be proven by the fact that the acute effect of PMA was totally lost (Fig. 7A) . In contrast, the activation of MAPK by NE was unaffected by pretreatment with PMA (Fig. 7A) , which excludes possible involvement of a PMA-sensitive protein kinase C.
We also used a specific PI-3 kinase inhibitor, wortmannin, to investigate the role of this lipid kinase in NE-induced activation of MAPK. As shown in Fig. 7B , phosphorylation of MAPK induced by NE was not affected, even though wortmannin was present during the incubation period, whereas the phosphorylation by insulin was totally abolished. These results suggest that NE and insulin do not share the same signaling pathways to activate MAPK, at least at a step in which PI-3 kinase is involved.
Discussion
The present study demonstrates that cold exposure in rats stimulates MAPK activity in BAT in vivo through mediation of the sympathetic nerves innervating this tissue. Further analysis, by using primary cultures of brown adipocytes, revealed that the sympathetic neurotransmitter, NE, directly elicits an activation of MAPK and that the effect of NE is brought about mainly by ␤-adrenoceptor-mediated increase in cytosolic cAMP. Considering that MAPK plays pivotal roles in the signaling pathways leading to cell growth and differentiation (9 -13), our findings suggest that some of the trophic effects of the sympathetic nerves on BAT are produced through the activation of MAPK.
Increased activities of the sympathetic nerves, after cold exposure or overfeeding, cause hyperplasia of BAT, which is accompanied by an increase in cell numbers and mitochondriogenesis (1-3) . The hyperplasia of BAT results in an enhanced capacity of thermogenesis and is thus considered to be an adaptive response to whole body demand for heat generation or energy expenditure. In accordance with this, gene expression of UCP, a key mitochondrial protein responsible for thermogenesis, and some proteins involved in substrate supply for thermogenesis, such as GLUT4 glucose transporter and lipoprotein lipase, are substantially increased during hyperplasia of the tissue (4, (21) (22) (23) . The trophic responses of BAT, including the increased expression of these proteins, were also induced by continuous infusion of NE in rats, demonstrating an important role of the sympathetic nervous system in these responses (4) . We have shown here that cold exposure to rats results in an activation of MAPK in BAT in vivo. It is noteworthy that cold exposure failed to activate MAPK in the surgically denervated BAT in the same rats. These results indicate that the activation of MAPK in response to cold exposure is attributable to the action of the sympathetic nerves. In other words, other factors being delivered from blood or cells neighboring to this tissue, if any, may not play an essential role for the MAPK activation. It should be noted, however, that this conclusion does not totally rule out possible modulatory roles of other factors.
It has been pointed out that hyperplasia of BAT is accompanied by a coordinated proliferation of endothelial cells forming the capillaries (24) . Accordingly, it is possible that MAPK activation in BAT, after cold exposure, originates from an increased mitosis of endothelial cells, and MAPK activity in brown adipocytes may not be influenced by the adrenergic stimulation. However, this is unlikely because NE itself substantially increased MAPK activity in brown adipocytes in primary cultures. It can be thus proven that MAPK activation in BAT is caused (though, perhaps not solely) by a direct effect of the sympathetic nerves on brown adipocytes.
Activation of MAPK is induced by phosphorylation of both threonine and tyrosine residues of the enzyme as a result of successive stimulations of Ras, Raf-1, and MAPKkinase (9, 10, 13, 14) . Recent studies have suggested that PI-3 kinase participates in insulin-induced stimulation of the signaling cascade (25) (26) (27) . This apparently is also the case in our brown adipocytes; a selective inhibitor of PI-3 kinase wortmannin abolished the response of MAPK activation to insulin. However, NE-induced activation of MAPK was not discernibly affected by the inhibitor, indicating that NE uses a distinct pathway, different from that of insulin, for stimulating MAPK. In support of this, the stimulative effects of insulin and NE on MAPK activity were completely additive. In addition, we also analyzed a possible involvement of protein kinase C, which is involved in many types of receptor-mediated activation of MAPK cascade (10, 14) . Direct stimulation of protein kinase C with PMA led to an activation of MAPK in the cultured brown adipocytes. However, this pathway is not responsible for the effect of NE, because NE was able to activate MAPK, even in the cells in which protein kinase C had been down-regulated. Thus, it can be concluded that NE uses neither wortmannin-sensitive PI-3 kinase nor PMA-sensitive protein kinase C to stimulate MAPK in brown adipocytes.
␤-adrenoceptor-mediated increase in cAMP is responsible for the cell growth and the expression of specific genes of brown adipocytes (5, 28, 29) . Pharmacological analysis with adrenergic agonists and antagonists has indicated that NEinduced activation of MAPK is mediated mainly through ␤-adrenoceptors, though ␣-receptor-mediated signals also exert a minor effect. Furthermore, increase in cytosolic cAMP, using membrane-permeable cAMP analogue, led to activation of the kinase comparable with NE, indicating that NE uses cAMP as a second messenger. The effect of cAMP on MAPK cascade is dependent on the cell types; it antagonizes the growth factor-activated MAPK in some cell types (30 -34) , whereas cAMP itself has a stimulative effect in other cells (35, 36) , and thus the mechanisms involved are likely to be complex. One of the candidates with a cAMP-dependent pathway confluent with MAPK cascade is the MAPK kinase kinase (MEKK) that phosphorylates and activates MAPKkinase. MEKK is the homologue of Saccharomyces cerevisiae Ste11, which is activated via a heterotrimeric guanine nucleotide-binding protein-coupled receptor signal and is considered to play a similar role in mammalian cells (37) . Alternatively, it is to be noted that NE-induced activation of MAPK was maintained for a relatively long time, whereas an insulin-induced one was transient and peaked at 2-15 min. It has been suggested that the transient nature of MAPK activation by insulin is caused by rapid dephosphorylation by phosphatases (12, 13) . Thus, an inhibition of protein phosphatases might also be associated with NE-induced phosphorylation of MAPK. This possibility remains to be examined.
The activation of MAPK leads to the phosphorylation and activation of a number of transcription factors (10 -12) . It is thus expected that NE promotes gene expression in brown adipocytes through the MAPK pathway. Indeed, C/EBP ␤, which is phosphorylated and activated by MAPK, has been shown to be a transcriptional activator of UCP gene (38, 39) . Furthermore, BAT-specific enhancer located in the 5Ј flanking region of UCP gene contains a consensus sequence including the core motif GGAA, being recognized by a MAPK-substrate ternary complex factor TCF/Elk-1 (40) . Alternatively, MAPK induces a protooncogene, c-fos, whose protein product, Fos, combines with Jun protein to form AP-1 transcriptional activator (41) . Therefore, elevated AP-1 activity, as a result of MAPK activation after NE, can be used for controlling gene expression. In line with this, Thonberg et al. (8) recently demonstrated that NE induces c-fos in cultured brown adipocytes. Overall, these facts indicate that activation of MAPK by NE would participate in the gene expressions of UCP, as well as some specific proteins, directly through the phosphorylation of transcriptional factors or indirectly through the induction of immediate early genes, such as c-fos, in brown adipocytes.
In summary, we demonstrated that MAPK is activated in brown adipocytes by the sympathetic neurotransmitter, NE, and the activation is not mediated by a phorbol ester-sensitive protein kinase C or wortmannin-sensitive PI-3 kinase but rather is likely to depend mainly on a ␤-receptor-induced increase in cAMP. Downstream to the activation of MAPK by NE, which should be associated with DNA synthesis and specific gene expression, are clearly of further interest to establish the physiological significance of the MAPK during hyperplasia of BAT in response to cold exposure or overfeeding.
